Tall stature and obesity have been associated with a higher risk of atrial fibrillation (AF), but there have been conflicting reports of the effects of aerobic fitness. We conducted a national cohort study to examine interactions between height or weight and level of aerobic fitness among 1,547,478 Swedish military conscripts during 1969-1997 (97%-98% of all 18-year-old men) in relation to AF identified from nationwide inpatient and outpatient diagnoses through 2012 (maximal age, 62 years). Increased height, weight, and aerobic fitness level (but not muscular strength) at age 18 years were all associated with a higher AF risk in adulthood. Positive additive and multiplicative interactions were found between height or weight and aerobic fitness level (for the highest tertiles of height and aerobic fitness level vs. the lowest, relative excess risk = 0.51, 95% confidence interval (CI): 0.40, 0.62; ratio of hazard ratios = 1.50, 95% CI: 1.34, 1.65). High aerobic fitness levels were associated with higher risk among men who were at least 186 cm (6 feet, 1 inch) tall but were protective among shorter men. Men with the combination of tall stature and high aerobic fitness level had the highest risk (for the highest tertiles vs. the lowest, adjusted hazard ratio = 1.70, 95% CI: 1.61, 1.80). These findings suggest important interactions between body size and aerobic fitness level in relation to AF and may help identify highrisk subgroups. atrial fibrillation; body height; body mass index; body size; body weight; muscle strength; physical fitness
Atrial fibrillation (AF) is the most common cardiac arrhythmia; it affects more than 30 million people worldwide (1) and is an important cause of stroke and mortality (2, 3) . AF is more common with increasing age or underlying heart disease (4, 5) . However, many cases of AF also occur among younger adults who do not have known heart disease (6), which has led to investigations of other risk factors and potential targets for intervention. Researchers from prior studies have established that tall stature (7) (8) (9) (10) (11) and obesity (11) (12) (13) (14) (15) (16) (17) (18) are associated with a higher risk of the development of AF. However, the reported effects of aerobic fitness have been conflicting. In a number of studies, investigators have reported an increased risk of AF among competitive athletes or individuals who report high levels of exercise (19) (20) (21) (22) (23) (24) . In contrast, results from several (12, (25) (26) (27) but not all (28) studies in which objectively measured levels of aerobic fitness were included have suggested that a high level of aerobic fitness is protective against AF.
We hypothesized that these conflicting findings may be due to interactions between height or weight and aerobic fitness level that have not been examined. The pathogenesis of AF is a heterogeneous process that involves myocardial structural, hemodynamic, electrical, and neural factors (29) . Physical exercise may potentially influence this process through its contribution to left ventricular hypertrophy, which leads to diastolic dysfunction and left atrial stretch (30) . Because height and weight correlate positively with left atrial size (31) , these variables may potentially modify the hemodynamic and autonomic effects of aerobic fitness on atrial remodeling and the development of AF (32) . If so, elucidation of interactions among these factors may help identify high-risk subgroups and provide new insights into underlying mechanisms.
We examined the interactions among height, weight, and aerobic fitness level in relation to the risk of AF in a large national cohort. Standardized measurements of these factors were obtained in approximately 1.5 million 18-year-old male military conscripts in Sweden who were subsequently followed up for AF in adulthood. In the present study, our aim was to determine the interactive effects of these common factors at age 18 years on the long-term risk of AF in a large, populationbased cohort.
METHODS

Study population
We identified 1,547,478 men (approximately 18 years of age) who underwent a military conscription examination in Sweden during . Nationally, all 18-year-old men were conscripted each year except for 2%-3% who either were incarcerated or had severe chronic medical conditions or disabilities that were documented by a physician. The Regional Ethics Committee of Lund University in Sweden approved this study.
Ascertainment of height, weight, and aerobic fitness level
We obtained measurements of height, weight, and aerobic fitness level from the Swedish Military Conscription Registry, which contains information from 2-day standardized physical and psychological examinations required of all conscripts starting in 1969 (33) (34) (35) (36) (37) . We measured height and weight using standard protocols and examined them alternatively as continuous variables or categorical variables in tertiles (low, medium, and high tertiles for height: <175.0 cm, 175.0-181.4 cm, and ≥181.5 cm, respectively; for weight, <64.0 kg, 64.0-71.3 kg, and ≥71.4 kg, respectively). Categorizations for these and other predictors were based on dose-response analyses, which indicated that they well-characterized the underlying relationships with AF risk and had good interpretability.
We examined body mass index (BMI) as an alternative to height and weight. We calculated BMI as weight in kilograms divided by the square of height in meters. We examined BMI alternatively as a continuous or categorical variable using Centers for Disease Control and Prevention definitions for children and adolescents 2-19 years of age to facilitate comparability with US studies. "Overweight" was defined as being in the 85th percentile or higher but less than 95th percentile and "obesity" as being in the 95th percentile or higher on the sex-specific BMI-for-age growth charts, issued in 2000; these values correspond to BMIs of 25.6-28.9 and 29.0 or higher, respectively, for 18-year-old men (38) .
The level of aerobic fitness was measured as the maximal aerobic workload in watts using a well-validated, electrically braked stationary bicycle ergometer test (39) . After a warm-up period, each conscript performed 5-10 minutes of exercise on a stationary bicycle at a starting work rate of 75-175 W (determined on a sliding scale based on body weight) and increasing by 25 W per minute until volitional exhaustion. Maximal aerobic workload was calculated as the power output in watts before the last increase in intensity plus the prorated output for the last stage (39) . Maximal aerobic workload correlates highly with maximal oxygen uptake (correlation ≈ 0.9) (40), and its measurement using this bicycle ergometer test is highly reproducible, with a test-retest correlation of 0.95 (41) . We examined this measurement of aerobic fitness alternatively as a continuous variable or categorical variable in tertiles (<240 W, 240-288 W, and ≥289 W) (33) (34) (35) (36) (37) . In addition to aerobic fitness level, we examined muscular strength as a secondary predictor of interest because it represents a different aspect of physical fitness. Muscular strength was measured in Newtons using well-validated isometric dynamometer tests and calculated as the weighted sum of maximal knee extension (weighted × 1.3), elbow flexion (weighted × 0.8), and hand grip (weighted × 1.7) (42) . Each dynamometer test was performed 3 times, and the maximal value was recorded for analysis, except when the last value was highest, in which case testing was repeated until strength values stopped increasing. All testing equipment was calibrated daily (42) . We examined muscular strength alternatively as a continuous variable or categorical variable in tertiles (<1,900 N, 1,900-2,170 N, and ≥2,171 N) (33) (34) (35) (36) (37) .
Ascertainment of AF
We followed up the study cohort for the earliest diagnosis of AF, from the date of the military conscription examination through December 31, 2012. AF was identified based on any primary or secondary diagnosis according to codes from the International Classification of Diseases (ICD) listed in the Swedish Hospital and Outpatient Registries (ICD codes 427.4 (Eighth Revision), 427.3 (Ninth Revision), and I48 (Tenth Revision)). The Swedish Hospital Registry contains all primary and secondary hospital discharge diagnoses from 6 populous counties in southern Sweden starting in 1964, and with nationwide coverage starting in 1987. The Swedish Outpatient Registry also contains outpatient diagnoses from all specialty clinics nationwide starting in 2001 (33) (34) (35) (36) (37) . Diagnosis records in the Hospital Registry are currently more than 99% complete and have a reported positive predictive value of 97% for either primary or secondary diagnoses of AF (43) .
Adjustment variables
Data on other variables that may be associated with body size or physical fitness level and the risk of AF were obtained from the Swedish Military Conscription Registry and national census data, which were linked by use of an anonymous personal identification number (33) (34) (35) (36) (37) . The following were used as adjustment variables: year that the military conscription examination was conducted (as a continuous variable); highest educational level attained during the study period (<12, 12-14, or ≥15 years); neighborhood socioeconomic status (SES) at baseline; and a family history of AF in a parent or sibling (yes or no, identified from the Swedish Hospital Registry during 1965-2012 and the Swedish Outpatient Registry during 2001-2012, using the same diagnosis codes noted above). SES was included because characteristics of neighborhood SES have been associated with obesity and physical fitness (44) and with the risk of cardiovascular disease (45) . It was composed of an index that included low educational level, low income status, unemployment, and receipt of social welfare benefits, as previously described (46) , and categorized as low (more than 1 SD below the mean), medium (1 SD below to 1 SD above the mean), or high (more than 1 SD above the mean).
Because low levels of aerobic fitness and a high BMI are known to be associated with hypertension (33), diabetes mellitus (34) , and ischemic heart disease (35) , which are established risk factors for AF (47), we were interested in whether aerobic fitness level and BMI (or height and weight) are associated with AF independently of these conditions. To assess this, we further adjusted for hypertension (ICD codes 400-401 (Eighth Revision), 401 (Ninth Revision), and I10 (Tenth Revision)), diabetes mellitus (ICD code 250 (Eighth and Ninth Revisions) and E10-E14 (Tenth Revision)), and ischemic heart disease (ICD codes 410-414 (Eighth and Ninth Revisions) and I20-I25 (Tenth Revision)) as time-dependent variables.
We imputed missing data for each variable using a standard multiple imputation procedure based on the relationship of the variable with all other covariates and AF (48) . Missing data were relatively infrequent for height (7.2%), weight (7.3%), level of aerobic fitness (5.7%), muscular strength (5.0%), educational level (0.4%), and neighborhood SES (9.1%). Data were 100% complete for all other variables.
Statistical analysis
We used Cox proportional hazards regression models to compute hazard ratios and 95% confidence intervals for associations of height, weight, aerobic fitness level, or muscular strength with the risk of AF. The Cox model time scale was elapsed time since the military conscription examination, which also corresponds to attained age because the baseline age was the same (18 years) for all conscripts. Individuals were censored at emigration (n = 87,450; 5.7%) or death (n = 58,835; 3.8%).
We used 3 models. The first was adjusted for attained age (as the time scale) and year of the military conscription examination; the second was also adjusted for height, weight, level of aerobic fitness, muscular strength, educational level, neighborhood SES, and family history of AF; and the third was further adjusted for hypertension, diabetes mellitus, and ischemic heart disease (as defined above). All time-varying factors were modeled as time-dependent covariates. The proportional hazards assumption was evaluated using graphical assessment of loglog plots, which showed a good fit in all models.
Interactions among height, weight, aerobic fitness level, and muscular strength were examined on both the additive and multiplicative scale in relation to the risk of AF. We assessed additive interactions using the relative excess risk due to interaction, which is computed for binary variables as: RERI HR = HR 11 − HR 10 − HR 01 + 1 (49, 50) , where HR is the hazard ratio. Multiplicative interactions were assessed using the ratio of hazard ratios: HR 11 /(HR 10 × HR 01 ) (49, 50) . These estimates and their respective 95% confidence intervals were determined using maximal likelihood estimation (49) (50) (51) . A positive additive interaction is indicated if the relative excess risk due to interaction is greater than 0, and a positive multiplicative interaction is indicated if the ratio of hazard ratios is more than 1. See the Web Appendix (available at https://academic.oup.com/aje) for more details on these methods.
We performed 2 sensitivity analyses. First, as an alternative to multiple imputation for missing data, we repeated all analyses after restricting to men for whom we had complete data for all variables (n = 1,361,083; 88.0%). Second, because of changes in AF ascertainment across time, we assessed different starting points for the follow-up period, alternatively starting in 1987 (at which time inpatient diagnoses were available nationwide instead of only for the most populous counties) or in 2001 (at which time both inpatient and outpatient diagnoses were available nationwide). All statistical tests were 2-sided, and an α-level of 0.05 was used. We conducted all analyses using Stata, version 14.1 (StataCorp LP, College Station, Texas).
RESULTS
Among the 1,547,478 men in this cohort, 23,600 (1.5%) were diagnosed with AF at 43.7 million person-years of followup (mean follow-up = 28.2 years). The median age at the end of follow-up was 47.2 years (mean = 47.4 (SD, 7.9) years; range, 19.0-62.0 years). The median age at diagnosis of AF was 48.2 years (mean = 47.1 (SD, 7.8) years; range, 18.2-62.0 years). Table 1 shows incidence rates of AF by height, weight, aerobic fitness level, and other factors.
Main effects of height, weight, and aerobic fitness level Tall stature was associated with a higher risk of AF after adjustment for weight and all other covariates (Table 2, model 3) (for the highest tertile vs. the lowest, HR = 1.53, 95% confidence interval (CI): 1.48, 1.59; P < 0.001). Weight in the highest (but not middle) tertile was associated with a modestly higher risk of AF compared with weight in the lowest tertile after adjustment for height and all other covariates (for the highest tertile vs. the lowest, HR = 1.18, 95% CI: 1.13, 1.23; P < 0.001). Both height and weight had strongly positive linear associations with the risk of AF across their full distribution (per each 5-cm increase in height, fully adjusted HR = 1.11, 95% CI: 1.10, 1.12; P for trend < 0.001; per each 5-kg increase in weight, fully adjusted HR = 1.05, 95% CI: 1.04, 1.06; P for trend < 0.001), but height was a stronger risk factor than was weight (P for heterogeneity < 0.001). Obesity (but not overweight) also was associated with an increased risk of AF in the fully adjusted model (Table 2 , model 3).
High levels of aerobic fitness were associated with a modestly higher risk of AF after adjustment for height, weight, and all other covariates (for the highest tertile vs. the lowest, HR = 1.14, 95% CI: 1.09, 1.19; P < 0.001). In contrast, muscular strength was not clearly associated with AF risk (Table 2) . A first-degree family history of AF was associated with a 1.7-fold higher risk of AF. Sensitivity analyses that were restricted to men for whom we had complete data or in which we examined different follow-up periods (as noted above) yielded risk estimates similar to those from the main analyses, and the overall conclusions were unchanged. The interaction between height and aerobic fitness level in relation to the risk for AF is shown in Table 3 . High levels of aerobic fitness were protective against AF among shorter men (lowest tertile for height) but were associated with increased risk among taller men (medium or highest tertiles; see Web Table 1 for more complete reporting of stratum-specific HRs). Men with the combination of tall height and high aerobic fitness level had the highest AF risk, which was 70% higher relative to those with short height and low aerobic fitness level (for the highest tertiles vs. the lowest for both variables, adjusted HR = 1.70, 95% CI: 1.61, 1.80; P < 0.001). There was a significant positive interaction between height and aerobic fitness level on both the additive and multiplicative scales (i.e., the association of both factors together with AF risk exceeded the sum or product of their associations considered separately; P < 0.001). Figure 1 shows the probability of AF among men in the 25th, 50th, and 75th percentiles of aerobic fitness across the full distribution of height after adjustment for all covariates. The nonparallel lines reflect a positive interaction. Specifically, high aerobic fitness levels were associated with a higher risk of AF among men who were at least 186 cm (6 feet, 1 inch) tall but were protective among men who were less than 186 cm tall.
A similar overall pattern was seen for the interaction between weight and aerobic fitness level (Table 4) . High levels of aerobic fitness were protective among men in the lowest tertile for weight but were associated with an increased risk of AF among those in the medium or highest tertiles (Table 4 and Web  Table 2 ). The combination of high weight and high aerobic fitness level was associated with the highest AF risk (for the highest tertiles vs. the lowest for both variables, adjusted HR = 1.34, 95% CI: 1.27, 1.42; P < 0.001). These factors had significant positive interactions on both the additive and multiplicative scales (P < 0.001). Figure 2 shows the probability of AF among men in the 25th, 50th, and 75th percentiles of aerobic fitness across the full distribution of weight after adjustment for height and other covariates. In secondary analyses, we also found positive additive and multiplicative interactions of muscular strength with either height (Web Table 3 ) or weight (Web Table 4 ) in relation to the risk for AF, although these interactions were smaller in magnitude than the interactions between aerobic fitness level and height or weight.
DISCUSSION
In the present large national cohort study, we found that higher height or weight at age 18 years was associated with a higher risk of the development of AF in adulthood, and both had interactions with the level of aerobic fitness. High levels of aerobic fitness were associated with a higher risk of AF among men who were at least 186 cm (6 feet, 1 inch) tall but were protective among shorter men. In a similar manner, high levels of aerobic fitness were associated with a higher risk among men in the highest tertile of weight but not the lowest. The association between both exposures together (i.e., the combination of increased height or weight and aerobic fitness level) and the risk of AF exceeded the sum or product of their associations considered separately. These findings suggest that the underlying mechanisms for AF may include important interactions between height or weight and aerobic fitness level.
The main associations that we observed between tall stature or obesity and AF are overall consistent with previous findings. In prior studies, researchers have reported that increased height (7) (8) (9) (10) (11) or high BMI and other measures of obesity (11) (12) (13) (14) (15) (16) (17) (18) were associated with a higher risk of AF among men and women. Although most studies have focused on middle-aged or older adults, researchers of a study involving 12,850 young Danish men (median age, 19 years) reported that overweight or obesity was associated with a higher risk of AF in early adulthood (13) . Results from other studies have suggested that high lean body mass (rather than body fat) may also be associated with a higher risk of AF (17, 52) .
In contrast, previous findings on aerobic fitness or exercise level in relation to AF risk have been conflicting. In some (19) (20) (21) (22) (23) (24) but not all (53-55) studies, investigators have reported a higher risk of AF among athletes or other individuals who reported high levels of exercise. In a meta-analysis of 6 casecontrol studies that included 655 athletes and 895 control participants, researchers reported that athletes had more than a 5-fold higher odds of AF (odds ratio = 5.29, 95% CI: 3.57, 7.85) (56) . However, results from most studies in which Abbreviations: AF, atrial fibrillation; BMI, body mass index; CI, confidence interval; HR, hazard ratio; SES, socioeconomic status. a Adjusted for age and year of military conscription examination. b Adjusted for age, year of military conscription examination, height, weight, aerobic fitness level, muscular strength, educational level, neighborhood SES, and family history of AF.
c Adjusted for age, year of military conscription examination, height, weight, aerobic fitness level, muscular strength, educational level, neighborhood SES, hypertension, diabetes mellitus, ischemic heart disease, and family history of AF.
d BMI was calculated as weight (kg)/height (m) 2 and examined as an alternative to height and weight in a separate model.
investigators examined objectively measured aerobic fitness (rather than self-reported exercise) have suggested that high levels of aerobic fitness are protective against AF (12, (25) (26) (27) . The largest of these was a US cohort study of 64,561 middleaged adults with a median follow-up of 5.4 years, in which investigators reported that each 1 higher metabolic equivalent achieved during treadmill testing was associated with a 7% lower risk of the development of AF (HR = 0.93, 95% CI: 0.92, 0.94; P < 0.001). In contrast, results from a Swedish study that included a subset of the present cohort (n = 1.1 million) suggested that aerobic fitness was positively associated with AF risk, but potential interactions with height were not reported (28) . These discrepancies in reported associations between aerobic fitness level or exercise and the risk for AF may potentially be related to other modifying factors, such as body size. To our knowledge, the present study is the first to examine not only the independent associations between height, weight, or level of aerobic fitness and the risk of AF, but also the potential additive and multiplicative interactions. We found that the associations between aerobic fitness and the risk of AF varied substantially depending on height or weight. High levels of aerobic fitness were associated with a higher risk of AF among men who were at least 186 cm (6 feet, 1 inch) tall but were protective among men who were shorter than 186 cm. The interactions between height or weight and level of aerobic fitness were strongly positive on both the additive and multiplicative scales. These findings suggest that high levels of aerobic fitness accounted for significantly more cases of AF among tall versus short men or among those in the highest tertile of weight versus those in the lowest tertile.
These results may provide additional insights into the underlying mechanisms of AF. AF is a heterogeneous disease process that is influenced by structural (e.g., left atrial size), hemodynamic (e.g., left atrial stretch), electrical (e.g., altered conduction patterns due to atrial myocardial fibrosis), and neural (e.g., autonomic dysregulation) factors (29) . Exercise may influence this process through its contribution to left ventricular hypertrophy, which leads to some degree of diastolic dysfunction and left atrial stretch, which may increase the risk of AF among susceptible subgroups (30) . Height and weight are known to correlate positively with left atrial and ventricular size (8, 31) . Our findings suggest that these factors may potentially influence the hemodynamic or autonomic effects of aerobic fitness on atrial remodeling and the development of AF. However, left atrial and ventricular size have been reported to only partly explain the association between tall stature and the risk of AF (8), which also suggests the possibility of other mechanisms such as common genetic factors (e.g., pituitary homeobox 2 (PITX2) (57) and zinc finger homeobox 3 (ZFHX3) (58) ) that are associated with growth pathways and with AF. Additional clinical and experimental studies are needed to elucidate these complex pathways, which may help further identify high-risk subgroups and ultimately new targets for intervention.
Strengths of the present study include its large national cohort design with follow-up from age 18 years into adulthood. The national cohort design minimized the potential for selection bias, and the use of registry data with prospectively measured exposures prevented bias that may result from self-reporting. We examined well-validated, objective measurements of aerobic fitness level and muscular strength. We were able to adjust Figure 1 . Probability of atrial fibrillation by height and aerobic fitness at age 18 years, adjusted for weight, muscular strength, and other covariates, Sweden, 1969-2012. The median attained age was 47 years, and the maximum was 62 years.
for other common risk factors that also were prospectively ascertained and not self-reported, including a family history of AF, individual and neighborhood-level SES, and chronic diseases that are associated with AF.
Limitations included measurement of the study exposures at only a single age (18 years), which meant that we were unable to examine changes in these factors across time. Additional studies that contain data on longitudinal exposures are needed to delineate more specific age windows of susceptibility in relation to the risk of AF. The study cohort also was relatively young and exclusively male. The median age at the end of follow-up was 47 years (maximum, 62 years), and hence the findings may not necessarily apply to AF in older adults. The risk of AF is estimated to double with each decade of life (47) , and 70% of prevalent cases are in adults 65 years of age or older (59) . Further studies will be needed to assess our findings in older adults and in women.
In summary, in the present study, we found that tall stature and high weight at age 18 years were independently associated with a higher risk of AF development in adulthood and interacted with the level of aerobic fitness. High aerobic fitness level was associated with a higher risk of AF among tall men but was protective among shorter men. These findings suggest important interactive effects of body size and aerobic fitness level on the development of AF. Tall, aerobically fit persons may be a relatively high-risk subgroup. Figure 2 . Probability of atrial fibrillation by weight and aerobic fitness level at age 18 years, adjusted for height, muscular strength, and other covariates, Sweden, 1969-2012. The median attained age was 47 years, and the maximum was 62 years.
